Kidd M, Modlin IM, Gustafsson BI, Drozdov I, Hauso O, Pfragner R. Luminal regulation of normal and neoplastic human EC cell serotonin release is mediated by bile salts, amines, tastants, and olfactants. Am J Physiol Gastrointest Liver Physiol 295: 260 -272, 2008. First published June 12, 2008 doi:10.1152/ajpgi.00056.2008.-Mechanisms by which gut luminal content regulates secretion and motility are ill understood. We evaluated whether neuroendocrine enterochromaffin (EC) cells act as luminal sensors for a wide variety of nutrients and defined the secretory mechanisms of this process. Pure (98 -99%) FACS-sorted human EC cells and neoplastic EC cells (KRJ-I) were studied. RT-PCR identified transcripts for T2R1 (bitter), OR1G1 (class II olfactory) and trace amine (TAR1) G proteincoupled receptors (GPCRs) and transporters for glutamine (SNAT1/ 2), glucose (GLUT1/3/SGLT1), and bile salts (ABST). Glutamine and sodium deoxycholate stimulated 5-HT release (EC50 ϭ 0.002-0.2 M; 2-fold release) but were 10 -100 times more potent in neoplastic EC cells, which also secreted 6 -13 times more 5-HT. Tastants (caffeine, tyramine, octopamine) and olfactants (thymol and eugenol) also stimulated normal and neoplastic EC cell 5-HT secretion (EC50 ϭ 1.2 nM to 2.1 M and 0.05 nM to 0.1 M release, respectively); 2-deoxyglucose and the artificial sweetener sucralose also stimulated (EC50 ϭ 9.2 and 0.38 nM). 5-HT release was associated with ERK phosphorylation (1.5-fold, P Ͻ 0.02) and could be inhibited by a somatostatin analog (IC50 ϭ 1 pM). Eleven secretory associated genes including the vesicle docking inhibitor STXBP3 were upregulated in response to glutamine and bile salt stimulation in neoplastic EC cells. Targeting STXBP3 expression by use of antisense knockdown significantly (P Ͻ 0.05) reduced 5-HT secretion. In conclusion, EC cells express GPCRs and transporters for luminal tastants, olfactants, glutamine, glucose, and bile salts. Activation includes a panel of secretory genes, ERK phosphorylation, and 5-HT secretion. Luminal EC cell regulation is likely to be as important as G cell regulation in gastric acid secretion; development of agents to target EC cell function is therefore a critical therapeutic goal.
gastrointestinal; neuroendocrine; olfactant; secretion; tastant; enterochromaffin cells THE ENTEROCHROMAFFIN (EC) cell is the predominant neuroendocrine cell of the gastrointestinal (GI) tract and plays a key role in the regulation of secretion, motility, and visceral pain. The majority (95%) of serotonin (5-HT) in the body is in intestinal EC cells (24) , which synthesize, store, and release this amine (1, 5, 11, 30, 59, 60) . Electron microscopic studies of EC cells demonstrate a polarized cell with apical microvilli that protrude into the intestinal lumen. 5-HT is located in secretory granules at the basolateral pole and via paracine, neurocrine, and hormonal release activates intestinal enterocytes, mucus cells, neurons, and smooth muscle receptors to regulate secretion, motility, and visceral pain perception (23, 58) . Serotonin thus appears to be of fundamental importance to intestinal function, akin to the pivotal role of gastric histamine, mucosal levels which correlate almost directly with gastric acid secretion (21) .
Physiological 5-HT secretion is associated with peristalsis, gastric motility, and postprandial pancreatic secretion (13, 22, 28, 67, 88) , whereas abnormalities in 5-HT release and availability (reuptake and catabolism) are associated with altered secretion and motility resulting in diarrhea, constipation, and pain, as seen in the carcinoid syndrome (56, 81) , irritable bowel syndrome (17, 22) , and inflammatory bowel disease (63) . Central and enteric nervous system signaling represents a substantial regulatory element of 5-HT secretion (67) , whereas digestion-related luminal stimuli (e.g., nutrients, tastants, olfactants, or bile salts) are thought to represent important local EC cell activators (23, 61, 64, 79, 88) .
The function of the EC cell is essentially as a sensor of the gut luminal milieu (12, 26) , with ingested agents or their breakdown products as effectors of 5-HT release that is then responsible for triggering secretory and motility reflexes (20, 88) . Excessive release of 5-HT from EC cell carcinoids characteristically results in excessive fluid and electrolyte secretion and exaggerated peristalsis culminating in severe diarrhea, borborygmi, and abdominal pain (56, 57) . Similarly, meal ingestion is often associated with exacerbation of both irritable bowel syndrome (33) and carcinoid symptoms (56) (paroxysmal diarrhea), suggesting that activation of EC cells by luminal agents is involved in such events. Somatostatin receptors (sst2/5) are expressed on EC cells, and targeting subtypes 2 and 5 is known to inhibit 5-HT secretion (4, 32) . Whether somatostatin also inhibits luminally mediated 5-HT secretion is not known.
Although it is apparent how sampling the luminal contents of the stomach is critical to the ability of the G cell to regulate gastric secretion and thereby define gastric function, similar information is not available to understand how key small intestinal digestive events are modulated by neuroendocrine sensory cells sampling the lumen. Since the intestinal EC cell is the predominant neuroendocrine cell in the gut and its secretory products are key regulators of a wide variety of critical digestive functions (13, 22, 28, 67, 88) , we sought to define which luminal agents regulate 5-HT secretion and identify the mechanistic basis for this process. Since animal and mucosal models are limited in terms of delineating the site specificity of luminally mediated events, we developed a strategy to study normal human EC cell secretion. To characterize the regulatory events in neoplastic EC cells, we compared and contrasted our observations with a human neoplastic EC cell line. We propose that normal EC cells sense a variety of luminal signals and in response secrete 5-HT, which has ubiquitous functions in regulating the digestive process; similarly that neoplastic EC cells exhibit similar propensities but of a different sensitivity, thus accounting for the notorious paroxysmal response of carcinoid patients to certain ingested luminal agents.
Our ability to undertake such investigation has been facilitated by the recent development of pure rodent and human preparations of EC cells (44, 55) . Prior to this, physiological information regarding the regulation of EC cell secretion in both health and disease reflected studies of a variety of intact animal preparations or in cell lines that are not EC cell derived (9, 42, 48, 65, 66) . In the present study, we isolated and studied the secretory responses of EC cells from surgically resected human small intestinal mucosa and compared this to the responses in the neoplastic EC cell line KRJ-I (62) to test the hypothesis that neoplastic EC cells respond with different secretory profiles to normal EC cells.
Thereafter, we investigated potential mechanisms by which carcinoid tumors (neoplastic EC cells) could oversecrete 5-HT and "hyperreact" (paroxysmal response) to specific ingested agents (37, 49, 83, 87) . To do this, we evaluated whether ERK signaling or calcium flux regulated 5-HT release and then determined whether the secretory and ERK-signaling effects could be reversed by using a somatostatin analog that targeted sst2/5 in neoplastic EC cells. Finally, we measured the secretory transcriptome in response to amino acids and bile salts and evaluated the effect of transcript knockdown on 5-HT secretion in neuroendocrine EC cells. These studies enabled us to mechanistically define luminal regulation of normal and neoplastic EC cell secretion, identify the regulatory role of dietary agents (e.g., tyramine; Ref. 8) , and determine how 5-HT secretion could be pathologically perturbed in EC cell neoplasia.
MATERIALS AND METHODS
Immunocytochemistry. Formalin (4%)-fixed normal EC cells or neoplastic cells were rehydrated and treated with 3% hydrogen peroxide for 10 min to block endogenous peroxidase activity and incubated with primary antiserum for 2 h at room temperature (43) . Polyclonal goat anti-SNAT1/2, ABST (Santa Cruz), or rabbit anti-TR1 (identifies TAS1R1/TAS1R2 and TAS1R3 receptors)/TR2 (identifies TAS2R1) (Alpha Diagnostic International) diluted (1:200) in PBS containing 0.25% Triton X-100 (Calbiochem) and 0.25% BSA (Sigma) was used to stain neuroendocrine cells. Cy5-tyramide (NEN Life Science Products)-labeled antibodies (Santa Cruz) were used to identify transporter and receptor immunoreactivity (43) . Nuclei were stained with 4Ј,6-diamidino-2-phenylindole (20 mg/ml).
Cell isolation. Normal EC cells were isolated from the ilea (macroscopically normal adjacent ilea from hemicolectomies for colon cancer, n ϭ 6) following mucosal stripping, enzymatic digestion, and a combination of Nycodenz gradient fractionation, acridine orange uptake, and FACS sorting as described (55) . In previous studies, preparations of ϳ98 -100% pure EC cells were obtained (55) . Approximately 1 ϫ 10 6 cells were obtained per mucosal sample, a quantity sufficient for short-term culture, secretion, and signaling studies (55) .
Measurement of transcripts for glutamine and bile salt transporters
and receptors for tastants and olfactants. Total RNA was extracted from normal small intestinal mucosa (n ϭ 5), 5 ϫ 10 5 isolated EC cells (n ϭ 5) or 1 ϫ 10 6 neoplastic cells (n ϭ 4) using TRIzol (Invitrogen) extraction and cleaned up with the Qiagen RNeasy kit in conjunction with the DNeasy Tissue kit (Qiagen) to ensure no contaminating genomic DNA (55) . RNA was converted to cDNA (High Capacity cDNA archive kit; Applied Biosystems). Real-time PCR was performed (ABI 7900 sequence detection system) in triplicate using Assays-on-Demand primers as described (55) . Primers included SLC2A1/2/3 (GLUT1-3), SLC5A1 (SGLT1), SLC38A1/2, SLC10A1/2, TAR1, TAS1R1, R2, R3, TAS2R1, mGluR4, and O1R1. Gene expression levels were normalized by using geNorm (82) and expression of the novel house-keeping genes, ALG9, TFCP2, and ZNF410 (46) .
EC cell culture. FACS-sorted cells were divided into aliquots of ϳ5 ϫ 10 4 cells/100 l culture media (Ham's F12 medium, GIBCO) supplemented with FBS (10%) and antibiotics (100 U penicillin/ml ϩ100 g streptomycin/ml, Sigma-Aldrich), seeded into 96-well collagen I-coated plates (Becton Dickinson), and maintained in a humidified atmosphere (55) .
Neoplastic EC cell (KRJ-I) cultures. Neoplastic EC cells were cultured in Ham's F12 medium (GIBCO) supplemented with 10% FBS and antibiotics (100 U penicillin/ml ϩ100 g streptomycin/ml). Cultures were maintained in a humidified atmosphere at 37°C in 5% CO 2. For experiments, cells (log phase growth, passage number 50 -75) were plated at a density of 10 5 cells/well without antibiotics. Secretion experiments. After FACS sorting and 2 h short-term culture, normal or neoplastic EC cells were stimulated with each agent (10 Ϫ12 to 10 Ϫ6 M). Isoproterenol (1 M), a ␤1-adrenergic stimulatory G protein-coupled receptor (GPCR) ligand and cAMP signaling ligand (43, 55) , and forskolin (10 M), which is a cAMP activator, were used as positive controls. Cells were stimulated with physiological concentrations of glucose (2-deoxylglucose, sucralose), glutamine, the trace amines tyramine and octopamine, the bile salt sodium deoxycholate (SDC), the bitter tastant caffeine, and the olfactants eugenol and thymol (10 Ϫ12 to 10 Ϫ6 M) for 60 min as described (44, 48, 55) . For somatostatin inhibition experiments, cells were preincubated with BIM23244 (sst2/5 analog: 10 Ϫ12 to 10 Ϫ9 M) for 15 min prior to 60-min stimulation with EC50 concentrations of agents. These experiments were repeated in triplicate for each concentration. Media were collected and frozen at Ϫ80°C until ELISA analysis. To confirm that release represented a secretory process rather than cell damage or lysis, lactate dehydrogenase (LDH) release into media was measured (commercially available LDH assay, CytoTox-ONE Homogenous Membrane Integrity Assay, Promega) (55).
5-HT ELISA assay. 5-HT release was measured by a commercially available ELISA (BA 10-0900; Rocky Mountain Diagnostics). This assay is based on the competitive binding technique in which 5-HT present in a sample competes with a fixed amount of horseradish peroxidase-labeled 5-HT for sites on a mouse monoclonal antibody. The range for this assay is 15-2,500 pg/ml. We have previously successfully measured 5-HT release into media using this assay following the manufacturer's instructions (44, 55) .
ERK phosphorylation and signaling studies. Neoplastic EC cells were either stimulated with the EC50 concentration of each candidate agent for 5 min. Isoproterenol (1 M) and forskolin (10 M) were used as controls. For inhibitory studies, cells were preincubated with the sst2/5 analog BIM23244 for 15 min prior to 5 min of stimulation with each candidate agent. ERK signal activity was determined by SuperArray CASE ELISA kits (ERK; FE-002), which measure phosphorylation at T202/Y204 and have previously been used to measure ERK signaling in gastric ECL cells (45) and KRJ-I cells (47) . Stimulated cells were fixed (4% formaldehyde) and stained with either phosphorylated or nonphosphorylated antibodies [60 min, room temperature (RT)]. After washing and secondary antibody application (60 min, RT), cells were incubated with color developer (10 min, RT) and plates read at 450 nm. Protein was then be assayed in each well (reading at 595 nm) and used to normalize ERK signals.
Calcium flux measurements. Changes in intracellular calcium levels were measured by one-color flow cytometry as described (29) . Neoplastic EC cells were resuspended in assay buffer (PBS) without Ca Transcriptome analysis. Neoplastic EC cells were stimulated with glutamine (0.2 M) or SDC (20 nM) for 60 min. RNA was extracted as described above from these cells or unstimulated cells (controls) and submitted to the Keck Affymetrix Resource (http://info.med.yale.edu/wmkeck/affymetrix/) at Yale University. Human EXON arrays (HuEX-ST Array) were used to measure global alterations in transcripts. Briefly, labeled cDNA was performed on 1 g of total RNA following removal of ribosomal RNA (rRNA) utilizing the RiboMinus Human/Mouse Transcriptome Isolation Kit (Invitrogen). Double-stranded cDNA was synthesized with random hexamers tagged with a T7 promoter sequence; this was then used as a template for the subsequent amplification in the presence of T7 RNA polymerase, producing multiple antisense cRNA copies. In the second cycle of cDNA synthesis, random hexamers were used to reverse transcribe the cRNA to produce single stranded DNA in the sense orientation. To reproducibly fragment the single-stranded DNA, dUTP was incorporated in the DNA at this stage. The single stranded cDNA thus obtained was then fragmented by using the combination of uracil DNA glycosylase and apurinic/apyrimidinic endonuclease 1. The fragmented single-stranded DNA was subsequently labeled with biotin by use of Affymetrix proprietary DNA labeling reagent. Fragmented cDNA was hybridized to the arrays for 16 h at 45°C. After hybridization, arrays were washed via the Affymetrix fluidics station 450 and stained with streptavidin-phycoerythrin (10 g/ml, Molecular Probes), and washed arrays were scanned on an Affymetrix GeneChip scanner 3000. Scanned output files were visually inspected for hybridization artifacts and then analyzed. Genes differentiating unstimulated (control) cells from SDC-and glutamine-stimulated cells were detected by use of Partek (59a). A gene-level analysis was performed on natural log-transformed data, and geometric fold change Ն2.0 was considered to be significant. To reduce error associated with filtering, normalized gene expression of Յ5.0 was excluded and false discovery rate of 1% was used. A functional group analysis was used to identify categories of commonly altered genes utilizing the Gene Ontology terms (www.geneontology.org). Categories with Ͻ5 genes or Ͼ500 were removed from this analysis because they are either too specific or too general to be useful.
Transcript knockdown (siRNA) studies. We next evaluated the effects of 48-h knockdown of STXBP3 on neoplastic EC cell secretion, using a small interfering (si)RNA protocol (70) . Briefly, neoplastic EC cells were plated in 96-well plates (2.5ϫ10 4 cells/well) overnight and then transfected with RNA-lipid complexes (100 nM RNA, 0.4 l/well in DharmaFECT 2 or transfecting media with scrambled siRNA) or mock transfected (transfecting media alone) as described (70) . Forty-eight hours after transfection, cells were stimulated for 60 min with isoproterenol (1 M) or media alone (controlbasal 5-HT secretion) and media was removed to measure secreted 5-HT and LDH levels (as an indicator of cell viability). RNA was isolated from the cells by use of TRIzol (as above) and the level of target knockdown was assessed by real-time PCR. ⌬C T values for STXBP3 were compared between the different groups. Transfection did not alter cell viability.
Data analysis. Results are expressed as means Ϯ SD. All statistical analyses were performed via Prism 4 (GraphPad Software, San Diego, CA). Dose-response curves were calculated for each candidate secretory agent and the EC 50 or IC50 was determined. Results were compared between control and stimulated cells by the Mann-Whitney test. A P Ͻ 0.05 was considered significant.
RESULTS

Demonstration and confirmation of transporters and tasteand odorant-responsive G protein-coupled receptor mRNA in normal and neoplastic EC cells.
Real-time PCR of normal (n ϭ 5) and neoplastic (n ϭ 4) EC cells was undertaken to identify GPCRs and candidate luminal amino acid, glucose, and bile transporters that could be sensor molecules for these cells. Normal EC cells were characterized by transcripts for glutamine (SNAT1/2), glucose (GLUT1/3, SGLT1), tyrosine derivatives (TAR1), and the intestinal bile salt (ABST) transporters (Table 1) . Expression of TAS1R1 and 1R2 were absent but TAS1R3 transcripts were identified, as was mGluR4. TAS1R3 and mGluR4 form heterodimers that recognize 
Taste and olfactory G protein-coupled receptors
"umami" (51) ; the absence of 1R1 and 1R2 suggests that EC cells potentially will not recognize a "sweet" taste. In addition, the bitter (TAS2R1) taste receptor and olfactant receptor O1R1 that identifies odorants of different chemical classes (72) (43), we identified that both SNAT1 and SNAT2 as well as ABST were expressed in normal EC cells (Fig. 1, top) . An antibody that identified all the subtypes of the TR1 receptor stained the cells, demonstrating protein expression of TAS1R3. TR2 labeling was also identified. Neoplastic EC cells also expressed protein for all three transporters and taste receptors (Fig. 1, bottom) , results that confirm the real-time PCR experiments.
Stimulation of 5-HT secretion in normal and neoplastic EC cells by glutamine and the bile salt SDC.
Prior to examining whether 5-HT can be stimulated or inhibited by candidate luminal agents, we compared basal 5-HT secretion between normal and neoplastic EC cells to evaluate whether there were any intrinsic alterations in neoplastic EC cell secretion. We demonstrated that basal 5-HT secretion from cultured normal human EC cells was ϳ5 ϫ 10 Ϫ8 M/h (55), levels adequate for effective in vivo activation of downstream secretory and neural pathways (2, 7, 10, 14, 16, 74, 75) . In the KRJ-I cell line, basal 5-HT release ranged between 3-7 ϫ 10 Ϫ7 M/h representing 6 -13 ϫ more 5-HT release than normal EC cells per equivalent cell concentration (5 ϫ 10 4 cells). This indicates that the neoplastic EC cell releases substantially more 5-HT than normal EC cells and suggests that, in addition to increased EC cell mass, uncontrolled exocytosis may be one of the features of carcinoid neoplasia.
Glutamine stimulated both normal and neoplastic serotonin secretion with EC 50 s of 4 ϫ 10 Ϫ8 and 4 ϫ 10 Ϫ9 M, respectively ( Fig. 2A) . The bile salt SDC stimulated secretion with estimated EC 50 s of 2 ϫ 10 Ϫ10 and 2 ϫ 10 Ϫ8 M, respectively (Fig. 2B ). These results demonstrate that luminal agents, including an amino acid transported via SNATs (glutamine) (52) and bile salts, stimulate serotonin secretion. To exclude the possibility that the secretory effect of SDC occurred through cell damage, we measured LDH levels (60 min). SDC did not increase LDH (range alteration: Ϫ0.5% to ϩ1.3% above baseline), indicating that secretion does not reflect a cytoxic effect.
Stimulation of 5-HT secretion in normal and neoplastic EC cells. The secretory effect of trace amines, olfactants, and tastants was next examined. The trace amines tyramine and octopamine significantly stimulated KRJ-I serotonin secretion with EC 50 s of 1 ϫ 10 Ϫ7 and 1 ϫ 10 Ϫ8 M (ϳ3.2 Ϯ 0.3-fold, P Ͻ 0.004 vs. unstimulated cells) (Fig. 3, A and B) . In normal EC cells, these amines stimulated secretion with EC 50 's of 2.1 ϫ 10 Ϫ7 and 2.1 ϫ 10 Ϫ6 M (P Ͻ 0.05 vs. unstimulated cells) (Fig. 3, A and B) . The olfactants thymol and eugenol stimulated secretion with EC 50 s of 6 ϫ 10 Ϫ8 and 1 ϫ 10 Ϫ6 M (neoplastic cells) and 2.9 ϫ 10 Ϫ7 and 1.4 ϫ 10 Ϫ7 M (normal cells), respectively (Fig. 3, C and D) .
The prototypic bitter tastant caffeine induced a significant stimulation of 5-HT secretion in neoplastic cells (EC 50 of 5.6 ϫ 10 Ϫ11 M vs. 1.2 ϫ 10 Ϫ8 M in normal EC cells, Fig. 4A ). Receptors (TAS1R2) required to identify the prototypic sweet tastant glucose were not present on KRJ-I cells, but two glucose transporters, GLUT1 and GLUT3, and the Na ϩ -glucose transporter SGLT1 were expressed (Table 1) , suggesting EC cells may respond to sweet tastants or artificial sweeteners (53). 2-Deoxyglucose (Fig. 4B ) stimulated normal 5-HT secretion with an EC 50 of 9.2 ϫ 10 Ϫ9 M but inhibited neoplastic cell secretion (IC 50 ϭ 2.5 ϫ 10 Ϫ10 M) whereas sucralose (Fig. 4C ) stimulated both normal and neoplastic 5-HT secretion with EC 50 s of 3.8 ϫ 10 Ϫ10 and 2.4 ϫ 10 Ϫ9 M, respectively. These results demonstrate that luminal agents including tastants and olfactants activate serotonin secretion but that the response to sweet tastants or artificial sweeteners is different in normal and neoplastic EC cells.
Demonstration of ERK signaling in response to candidate secretagogues. ERK signaling is a marker of tastant-mediated neuroendocrine secretion (38) and is associated with phosphor- Fig. 1 . Immunocytochemical identification of the glutamine transporters SNAT1/2, the intestinal bile salt transporter (ABST), and taste receptors (TR1/2) in normal and neoplastic enterochromaffin (EC) cells. 4Ј,6-Diamidino-2-phenylindole (DAPI) was used for nuclei and Cy-5 for target proteins. Magnification ϫ400.
ylation, which can be identified by an ELISA approach (45) . ERK phosphorylation in response to isoproterenol (1 M) and forskolin (10 M) (both stimulate neoplastic EC cell secretion through cAMP activation) (43) demonstrated a 15-18% increase (P Ͻ 0.05 vs. unstimulated cells) in phosphorylated ERK, signifying that cAMP stimulation activated signaling through the MAPK pathway (Fig. 5) . Both tyramine and octopamine significantly elevated pERK (12-30%, P Ͻ 0.05) as did glutamine (12%), SDC (16%), caffeine (19%), and sucralose (21%). Neither of the olfactants eugenol or thymol significantly altered ERK phosphorylation.
Demonstration of calcium signaling in response to candidate secretagogues. We next measured alterations in intracellular calcium fluxes using fluro-3AM (29) to evaluate whether calcium influx was involved in 5-HT secretion. Neither ␤ 1 -adrenergic receptor activation (isoproterenol) nor forskolin was associated with significant calcium influx measured over 3 min in KRJ-I cells. In addition, tyramine, octopamine, glutamine, and SDC did not cause calcium influx. In contrast, both eugenol and thymol, which activates OR1G1, and caffeine, which is a bitter tastant, was associated with a significant (Ͼ5-fold increase) in calcium influx in EC cells (Fig. 6) .
Examination of inhibitory effects of somatostatin on candidate secretagogue 5-HT secretion and ERK phosphorylation.
We next measured whether activation of sst2/5 inhibited luminally mediated serotonin release and ERK phosphorylation. Preincubation with BIM23244 significantly (P Ͻ 0.05) inhibited serotonin release by all four tested agents (glutamine, tyramine, caffeine, and thymol) with IC 50 s in the picomolar range (2 ϫ 10 Ϫ13 to 3 ϫ 10 Ϫ12 M) (Fig. 7 ). Complete inhibition (not different from basal) was noted for all somatostatin analog concentrations Ͼ10 pM. These results demonstrate that a somatostatin analog can reverse amino acid-, tastant-, and olfactant-activated 5-HT secretion. Fifteen-minute incubation with BIM23244 (10 pM) significantly (30%, P Ͻ 0.05) decreased ERK phosphorylation compared with controls (Fig. 8 ). Preincubating cells with this analog also significantly (Ͼ50%, P Ͻ 0.01) reduced ERK phosphorylation in glutamine-, tyramine-, caffeine-, and thymol-stimulated cells, indicating that a component of the inhibitory effects of somatostatin is mediated though inhibition of ERK signaling.
Identification of candidate secretory KRJ-I genes upregulated by glutamine or SDC stimulation. Gene transcripts from neoplastic cells stimulated with glutamine (0.2 M) or SDC (20 nM) were measured on HuEx-1.0 Exon arrays and consistently overexpressed genes identified by using Partek Genomics Suite software. This identified 305 genes (of 17,890 genes) that were altered by both glutamine and SDC. Eighty-seven genes were upregulated and 218 genes were downregulated. By use of the Gene Ontology program, 11 of the 87 upregulated genes (13%) could be associated with a secretory phenotype (Table 2 ). These genes encoded for proteins associated with initiation of protein synthesis (EIF4A2), protein processing (N-glycosylation; ALG6/8), protein folding and transport across the ER (PDIA5, TRAM1, RAB1A), membrane target- ing (SRP54), vesicle docking (STXBP3), and recycling (SFT2D1), functions integral for cell secretion. In addition, a gene (PAIP2) stabilizing aliphatic amino acid (GLUT) transporter mRNA was also upregulated.
Assessment of the effects of transcript knockdown on 5-HT secretion.
To assess the mechanistic relevance of these genes to secretion, we evaluated the effects of knocking down STXBP3 using a siRNA approach on 5-HT release. Targeting STXBP3, an inhibitor of vesicle docking and exocytosis, increased both basal and ␤ 1 -adrenergic-stimulated 5-HT secretion (Fig. 9) .
DISCUSSION
A number of GI neuroendocrine cells, including GIP gene expression in rat intestine (31) , CCK release from human intestinal and mouse STX1 cells (84) , and GLP release from L-type cells (38) , have been investigated in terms of functional responses to luminal effectors. However, the dominant neuroendocrine cell of the intestine, namely the 5-HT-secreting EC cell, which has a key role as a gut sensor (23, 61, 64, 79, 88) , has not previously been well investigated in either its normal or neoplastic form (38, 78) . In this investigation, we have examined the role of EC cells as responders to luminal or absorbed nutrients, tastants, and olfactants to evaluate both the functional and mechanistic role in the process of luminal sensing. In the present study, using normal human EC cells and the KRJ-I cell line, we demonstrate that 1) the EC cell expresses transporters for glutamine, bile salts, and glucose and G protein-coupled receptors for trace amines, tastants, and olfactants; 2) neoplastic cells secrete/release 6 -13 times as much 5-HT as normal cells; 3) stimulation of normal and neoplastic cells with glutamine and SDC activates 5-HT release; 4) trace amines, caffeine, and olfactants activate 5-HT secretion from normal and neoplastic cells, and 2-deoxyglucose and sucralose stimulate 5-HT secretion; 5) secretion induced by glutamine and trace amines is associated with ERK phosphorylation; 6) calcium influx is related to tastant-and olfactant-mediated 5-HT secretion; 7) a somatostatin analog can inhibit luminally mediated secretion through ERK signaling inhibition; 8) 11 genes were upregulated by both glutamine and bile salts and constitute a component of the secretory phenotype of the neoplastic EC cell; and 9) knockdown of transcription of STXBP3 from this secretory transcriptome significantly reduced 5-HT secretion.
In previous studies, we have developed the protocol to isolate normal human EC cells (98 -99%), characterized KRJ-I to be a neoplastic EC cell line, and demonstrated that EC cells synthesize and secrete 5-HT (55). ␤ 1 -Adrenergic agents stimulate EC cell secretion via cAMP signaling and ERK activation whereas neural agents including acetylcholine and somatostatin inhibit these effects (43, 55) . In the present study, we evaluated whether normal and neoplastic EC cells were sensitive to luminal or absorbed agents and examined the mechanisms of 5-HT secretion in these cells.
In normal and neoplastic EC cells, we identified transcript and protein expression for amino acids (glutamine and trace amines), bile salts, glucose and candidate taste (bitter/umami), and the class II (terrestrial type) olfactant receptor O1R1 that is also expressed in nasal epithelia and is a general receptor that identifies odorants of different chemical classes (72) . This suggests that EC cells can "taste and smell" the luminal environment of the bowel and can respond to luminal agents (e.g., caffeine, trace amines, or bile salts) through expression of specific GPCRs and transporters.
Glutamine is considered a critical amino acid in terms of its ability to stimulate processes involved with gut mucosal healing (76) . It is also a regulator of the GABA response and a well-known modulator of gut proliferation, differentiation, and immune function (86) . Bile salt uptake in the ileum is critical for the enterohepatic circulation (27) . Little, however, is known about the effects of either glutamine or bile salts on EC cell function. In the present study, we demonstrated that both agents stimulated 5-HT secretion and ERK signaling. The half-stimulatory concentrations for both agents were significantly lower in neoplastic EC cells compared with the normal EC cells. The effects of glutamine have previously been examined on GLP-1 secretion from the stable immortalized murine GLUTag cell line (68) . The estimated half-maximal stimulatory effect was 10 Ϫ4 to 10 Ϫ3 M, which is ϳ5-6 logs higher concentrations than for normal and neoplastic EC cells. This difference suggests that cells from the ileum are more sensitive to amino acids than colonic cells (GLUTag was isolated from a SV40-driven colon tumor expressing glucagon; Ref. 50) , that the production of the cell line may have altered the secretory phenotype of these murine cells, or it may reflect the intrinsic differences between the regulatory roles of serotonin (neural activator; nanomolar concentrations; Ref. 22 ) and glucagon (cell activator; millimolar concentrations; Ref. 68) in GI physiology. Amino acid uptake is also associated with GLP-1 secretion from the human colon carcinoma NCI-H716 cell line following ERK phosphorylation (69) . Although neoplastic EC cell 5-HT secretion occurs through the same pathway, the differences between these two models are highlighted by the large difference in stimulatory effects: nanomolar concentrations for KRJ-I and millimolar concentrations in NCI-H716 cells.
The bile salt SDC causes small intestinal serotonin secretion, a phenomenon that could be blocked by L-type calcium channel antagonists (61) . In the present study, we identified that normal cells respond to bile salts with 5-HT release and that a transformed EC cell is more sensitive to these ligands than normal EC cells. The latter provides one possible explanation for bile salt-induced diarrhea (77) , one feature of the GI symptoms associated with carcinoids (57) . A comparison with the literature (61) demonstrates that normal EC cells in vitro are ϳ1,000 times more sensitive to SDC than cells in situ. This reflects either the effects of inhibitory cells on EC cell function in situ or technical difficulties with stimulating EC cells in this model. Bile acids, lithocholic acid, and deoxycholic acid stimulate GLP-1 release from STC-1 cells through a cAMP/ERK pathway (41) . The estimated half-maximal effect is in the micromolar range, ϳ100 to 1,000ϫ less sensitive than concentrations of salts for 5-HT secretion from normal and neoplastic EC cells (present study). Irrespective of the reasons for differences in secretion in either intact mucosa or in other enteroendocrine cell lines, the present results indicate the utility of studying isolated normal EC cell and the KRJ-I cell secretory responses in vitro. In addition, the differences in response between normal and neoplastic EC cells confirm our hypothesis that neoplastic cells are more sensitive in their response than normal cells to these luminal agents.
To evaluate this difference further, we examined normal and neoplastic EC cell secretory responses to other luminal contents that include trace amines, glucose, bitter tastants, and olfactants, all of which are readily absorbed by the GI tract (37, 49, 83, 87) . Trace amines can be produced by bacteria in the gut or are found in some foods, notably chocolate, cheese, and red wine (8) . Tyramine is found in micromolar concentrations in cheese and red wine (36) , two products associated with paroxysmal symptomatology including sudden diarrhea or meal-ingested flushing in patients with GI carcinoids (56) . Both tyramine and octopamine stimulated 5-HT secretion from normal and neoplastic EC cells at levels consistent with concentrations of these agents in the lumen (36) , concentrations that correlate with uptake into the GI tract (37, 80) . The half-maximal effects in neoplastic cells were measured at 2-50ϫ lower concentrations than in normal EC cells, whereas the amplitude of secretion was more than twofold higher in tumor cells. These results indicate that 5-HT secretion from neoplastic EC cells can be induced by foodstuffs associated with the symptoms (secretory diarrhea) of carcinoid disease.
Functional sweet taste receptors responsive to glucose have been identified in duodenal L-cells and provide a novel signaling mechanism that appears capable of regulating intestinal hormone secretion (38) . Normal and neoplastic EC cells, whereas expressing transcripts for the sweet TAS1R3 receptor do not express transcripts for its heterodimeric partner, TAS1R2 (51) . They do, however, express glucose transporters, GLUT1 and GLUT3, and SGLT1, whose expression is considered to be regulated by TAS1R3 (53) . The pancreatic endocrine BON cell line also expresses GLUT1/3 (48) . In contrast to this cell line, which responds with 5-HT release to millimolar glucose levels (48), 5-HT release was stimulated in normal EC cells by both 2-deoxyglucose and sucralose (nanomolar range). This effect could be reversed by phloridzin (half-maximal effect ϭ 0.31-0.35 mM; data not shown). Activation of T1R in L-type cells by sucralose stimulates secretion as well as SGLT1 synthesis leading to glucose absorption and stimulation of GLP-1 and GIP secretion (53) . Our results suggest that this occurs in normal EC cells but not in neoplastic cells. Although sucralose stimulated neoplastic 5-HT release, probably through direct activation of T1R (as in L-type cells) (53), 2-deoxyglucose inhibited secretion. This could reflect the very low expression of SGLT1 in neoplastic cells and is supported by observations that 3-methyl-glucose also inhibited neoplastic secretion (data not shown). Nevertheless, an artificial sweetener, sucralose, stimulated 5-HT secretion in both normal and neoplastic EC cells.
Normal and neoplastic cells express bitter G protein-coupled taste receptors. The prototypic bitter tastant, caffeine, acutely (within 30 min of ingestion) increases glucose and insulin secretion in humans, suggesting that luminal sensing of this agent modifies GI hormone secretion (39) . In neoplastic EC cells, caffeine stimulates serotonin release with a very low half-maximal effect (subnanomolar) through signal transduction mechanisms that include ERK signaling and calcium flux. Caffeine stimulates both cAMP (3) as well as intracellular calcium release (25), stimulates 5-HT synthesis and levels in the rat brain (73) , is a well-known stimulant of intestinal secretion (83) , and at high concentrations (30 mM) stimulates 5-HT release into the venous system in perfused rat ilea (71) . In normal human EC cells, caffeine stimulates 5-HT release at nanomolar to micromolar levels. Our results confirm that GI neuroendocrine cell 5-HT release can be increased by caffeine, indicating that normal and neoplastic cells are highly sensitive to this agent and provide the basis for understanding the mechanism by which luminal agents provoke EC cell response and lead to paroxysmal symptomatology.
There are two major classes of olfactant receptors: aquatic (type I) and terrestrial (type II) (72) . The class II OR1G1 is the best characterized and is broadly tuned toward odorants of 9 -10 carbon chain length, with diverse functional groups (esters, aldehydes, alcohols, and ketones) (72) . Little is known regarding the role of this receptor in GI physiology although alterations in calcium flux have been noted in the pancreatic BON cell line (9) in response to some of these agents. Eugenol, a member of the allylbenzene class of chemical compounds, is extracted from cloves and is used as a flavorant, whereas thymol is a monoterpene phenol extracted from thyme and is also used as a flavorant. In the present study, both eugenol and thymol stimulated normal and neoplastic EC cell 5-HT secretion with similar efficacies (ϳ0.1 M). This occurred through activation of calcium influx and was not associated with ERK signaling. The relevance of odorants modifying EC cell secretion emphasizes that these cells are sensors that are capable of detecting a diverse group of luminal ingestants.
Somatostatin receptors are expressed on EC cells, and functional studies have demonstrated that somatostatin analogs inhibit human and rodent EC cell 5-HT secretion (19, 44, 55, 64) . In addition, somatostatin analogs are currently the only effective agent to treat neoplastic EC cell secretion (56) . Little, however, is known regarding whether somatostatin can affect luminally mediated serotonin release. In the present study, we demonstrate that targeting subtype 2 and 5 somatostatin receptors reverses amino acid, trace amine, tastant (caffeine) and olfactant (thymol)-mediated secretion by a mechanism involving a reduction in ERK signaling. Somatostatin also reduces ERK phosphorylation in pituitary tumors (pituitary adenomas and the rat pituitary cell line GH3), indicating this mechanism Fig. 10 . Model of G protein-coupled receptor (GPCR)-mediated EC cell secretion. Luminally stimulated (e.g., trace amines, tastants, or olfactant) GPCRs induce cAMP/ERK/Ca 2ϩ signaling through activation of adenylate cyclase (AC), diacylglycerol (DAG), and IP3 via coupling to G␣s whereas transport of amino acids (e.g., glutamine), bile salts, or glucose into the cell induce ERK phosphorylation. Gene transcription is induced by elevated cAMP through CREB activation of the ratelimiting 5-HT synthesis enzyme tryptophan hydroxylase (TPH) and 11 other genes that represent the secretory transcriptome and includes the vesicle docking inhibitor STXBP3. TPH synthesizes 5-HT, whose secretion is positively regulated through cAMP-activated PKA and pERK (both involved in vesicle maturation and translocation) and through elevated intracellular calcium (Ca 2ϩ ) (vesicle-membrane docking and exocytosis). Secretion is negatively regulated by somatostatin through G␣i GPCRs, which inhibit calcium influx and ERK phosphorylation. Vesicle docking and exocytosis are directly inhibited by STXBP3, which is therefore also a negative regulator of 5-HT secretion. G/BS T, glutamine/bile salt transporter; GLUC, glucose; GLUT, glucose transporter. exhibits some degree of commonality in the inhibition of neuroendocrine cell function (35) .
Stimulation of neoplastic EC cell secretion is associated with consistent quantitative changes (2-to 3-fold differences) (40, 54) in genes related to protein synthesis and modification (40) . Our data demonstrate that glutamine and SDC increase gene expression more than twofold, and we identified 11 protein synthesis/modification as well as trafficking genes involved in secretion. One gene is the syntaxin binding protein 3 (STXBP3). Binding of this protein to Munc18 inhibits the formation of the SNARE complex, which regulates membranesecretory granule fusion and allows secretion (15, 85) . STXBP3 knockdown would theoretically remove this secretory block. In the present studies, targeting STXBP3 increased both basal and ␤-adrenergic-mediated EC cell secretion, confirming that this gene is involved in the secretory process. This result indicates that targeting the EC cell secretory transcriptome can alter EC cell production and secretion of 5-HT.
In summary, we have identified that luminal amino acids, trace amines, tastants, and olfactants are stimulants of EC cell secretion and demonstrated that neoplastic EC cells are similarly responsive as normal EC cells to these agents except for trace amines and bitter tastants. The mechanisms of this secretion are induced via GPCR-mediated ERK phosphorylation and calcium flux although all tested agents except for caffeine function through only one pathway (Fig. 10) . Caffeine activated both signaling pathways and was the most effective EC cell secretagogue. The EC secretory phenotype comprises 11 genes, and targeting expression of STXBP3, which is a critical negative regulator of exocytosis (34) , effectively inhibited EC cell secretion. Identifying the luminal factors that regulate EC cell secretion will allow an appreciation of the role of this neuroendocrine cell in abnormal intestinal secretion and motility whereas determining the mechanisms of luminally mediated secretion will facilitate the development of new agents that selectively target EC cell function.
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